ABSTRACT Hemocyanins are large oligomeric respiratory proteins found in many arthropods and mollusks. The overall expression of hemocyanin mRNA, revealed by studies on Plecoptera hemocyanin sequencing, has raised the question of whether the protein is expressed or not. In fact, the presence of expressed hemocyanin has only been reported in the literature for one species, Perla marginata (Panzer, 1799). In this paper, we report the presence of hemocyanin and hexamerin proteins in Dinocras cephalotes (Curtis, 1827), a species closely related to P. marginata. To assess the presence of hemocyanin, we used a reproducible and highly sensitive method based on liquid chromatography tandem mass spectrometry. We conclude that regardless of its putative function (respiratory, immune defense, storage protein), the hemocyanin is actually expressed in species in which its mRNA is present.
Hemocyanin, hemoglobin, and hemerythrin are the respiratory proteins of the animal kingdom (Mangum 1985) . The term "hemocyanin" usually encompasses both the mollusc and arthropod proteins. They were originally given the same name because both are oxygen transport proteins with the basic motif of type 3 copper proteins, suggesting a very ancient common ancestor (van Holde et al. 2001) . However, the mollusc and arthropod hemocyanins have very different molecular structures (Decker et al. 2007) .
Arthropod hemocyanins are large multimetric (nx6), copper-containing proteins composed of subunits of Ϸ75 kDa (Mangum 1985 , van Holde et al. 2001 , Decker et al. 2007 . Sequence analyses have shown that these hemocyanin macromolecules can contain several variants of monomers (Markl 1986 , Voit et al. 2000 , Hagner-Holler et al. 2004 . The presence of the N-terminal signal peptide is typical of arthropod hemocyanins, presumably because they are secreted into hemolymph by hepatopancreas cells or fat body cells (Fochetti et al. 2006; Kusche and Burmester, 2001a, b; Sánchez et al. 1998; Pick et al. 2008) , and they are freely dissolved in the hemolymph. Although its O 2 -binding capacity has earned hemocyanin the common name of "respiratory protein," there is a large body of literature showing that, under experimental conditions, the protein is multifunctional in Chelicerata and Crustacea. Hemocyanin can potentially act as phenoloxidase after proteolytic cleavage (Decker and Rimke 1998 , Nagai and Kawabata 2001 , Decker et al. 2001 , Pless et al. 2003 , Lee et al. 2004 , as an antibacterial or antimycotic agent (Destoumieux-Garzó n et al. 2001 , Lee et al. 2002 , Pan et al. 2008 ) and thus participate in the immune defense system, or take part in the molting process and work as a hexamerin (Jaenicke et al. 1999) .
The presence of hemocyanin in insects is the subject of ongoing scientiÞc debate. The Þrst insect hemocyanin was reported for the stoneßy Perla marginata (Panzer, 1799) (Hagner-Holler et al. 2004 ) and two subunits were identiÞed: subunit one (hc1) of 77 kDa and subunit two (hc2) of 76.3 kDa (Fochetti et al. 2006 , Hagner-Holler 2004 . Subsequently three-dimensional studies were carried out on a closely related species, P. grandis Rambur 1842 (Fochetti et al. 2006) . Later, it was assumed that hemocyanin is present across the entire order (Burmester and Hankeln 2007) .
In the last few years, we have investigated the presence of this protein across Plecoptera, analyzing 32 species belonging to European, African and Oriental families by RT-polymerase chain reaction (PCR) of total mRNA. We considered ecological and biological parameters that could induce variations in the physiological requirements of specimens and constitute differences in adaptive responses reßecting stoneßy biodiversity (Fochetti et al. 2006 . We noted that, while hemocyanin is lacking in Nemouroidea, one of the two European superfamilies, and in Cryptoperla, a Peltoperlidae belonging to Pteronarcyoidea, hemocyanin mRNA is expressed in many, albeit not all, of the studied Perloidea. These data led us to infer multifunctionality of hemocyanin in Plecoptera . Moreover, the discontinuous presence of hemocyanin observed in transcriptional material raised the problem of the actual expression of the protein. To assess the expression of hemocyanin in a species other than P. marginata, we analyzed samples of Dinocras cephalotes (Curtis, 1827), a related species whose ecological requirements are quite different from those of P. marginata. In this study we used SDS-PAGE electrophoresis as a Þrst dimension and nano-reversed-phase highperformance liquid chromatography-electrospray ionization-mass spectrometry (nano-RP-HPLC-ESI-MS) to identify proteins after tryptic digestion. With this rapid, highly sensitive and reproducible method, we were able to identify speciÞc proteins belonging to D. cephalotes.
Materials and Methods
Insects. Nymphs of different ages (from 1 to 3 yr) of P. marginata and D. cephalotes were collected by a rectangular hand-net of 300 m mesh size, stored in liquid nitrogen in the Þeld, and then at Ϫ80ЊC in the laboratory.
SDS-PAGE. Total proteins were extracted by homogenizing two specimens of each species, in an antiprotease cocktail (Radio-Immunoprecipitation Assay Buffer, and Protease inhibitor Cocktail, Sigma, St. Louis, MO) and 10% SDS. Cell debris were removed by 30 min centrifugation at 13,000 ϫ rpm at 4ЊC. Total protein concentration was determined according to the method of Bradford (1976) with the Quanti Pro BCA Assay Kit (Sigma). Denaturing SDS/PAGE was performed on a polyacrylamide gradient gel (5Ð16%) following standard procedures to separate proteins according to their electrophoretic mobility. Proteins were denatured for 5 min at 98ЊC, followed by 5 min on ice. After electrophoresis, the gel was Þxed in methanol/acetic acid and stained with 0.1% Comassie Brilliant Blue G-250.
In-Gel Digestion. Protein bands were carefully excised from Blue silver stained gels and subjected to in-gel trypsin digestion according to Shevchenko et al. (1996) , with minor modiÞcations. The gel pieces were swollen in a digestion buffer containing 50 mM of ammonium bicarbonate (NH 4 HCO 3 ) and 12.5 ng/l of trypsin (modiÞed porcine trypsin, sequencing grade; Promega, Madison, WI) in an ice bath. After 30 min the supernatant was removed and discarded, 20 l of 50 mM NH 4 HCO 3 were added to the gel pieces and digestion allowed to proceed at 37ЊC overnight. The supernatant containing tryptic peptides was dried by vacuum centrifugation. Before mass spectrometric analysis, the peptide mixtures were redissolved in 10 l of 5% formic acid (FA).
Peptide Sequencing by Nano-RP-HPLC-ESI-MS/ MS. Peptide mixtures were separated using a nanoßow-HPLC system (Ultimate; Switchos; Famos; LC Packings, Amsterdam, The Netherlands). A sample volume of 10 l was loaded by the autosampler onto a homemade 2-cm fused silica precolumn (75 m i.d.; 375 m o.d.; Reprosil C18-AQ, 3 m; AmmerbuchEntringen, Germany) at a ßow rate of 2 l/min. Sequential elution of peptides was accomplished using a ßow rate of 200 nL/min and a linear gradient from Solution A (2% acetonitrile; 0.1% FA) to 50% of Solution B (98% acetonitrile; 0.1% FA) in 40 min over the precolumn in-line with a homemade 10-to 15-cm resolving column (75 m i.d.; 375 m o.d.; Reprosil C18-AQ, 3 m; Ammerbuch-Entringen, Germany). Peptides were eluted directly into a High Capacity Ion Trap (model HCTplus, Bruker-Daltonik, Germany). Capillary voltage was 1.5Ð2 kV and a dry gas ßow rate of 10 liters/min was used with a temperature of 230ЊC. The scan range used was from 300 to 1,800 m/z. Protein identiÞcation was performed by searching the National Center for Biotechnology Information nonredundant database (NCBInr, www.ncbi.nlm.nih-.gov) using the Mascot program (in-house version 2.2, Matrix Science, London, UK). The following parameters were adopted for database searches: complete carbamidomethylation of cysteines and partial oxidation of methionines, peptide Mass Tolerance Ϯ 1.2 d, Fragment Mass Tolerance Ϯ 0.9 d, missed cleavages 2. For positive identiÞcation, the score (Ϫ10 ϫ Log (P)) had to be over the signiÞcance threshold level (P Ͻ 0.05). IdentiÞcation required at least Þve peptide fragments recognized in the Mascot database.
Results
Total protein samples of P. marginata and D. cephalotes nymphs were analyzed by SDS-PAGE. P. marginata was used as a positive control to check the quality of total protein extraction and spectrometry procedures. Here we report D. cephalotes hexamerins for the Þrst time and we conÞrm the presence of both hemocyanin subunits (hc1 and hc2) in its total protein milieu. In both species, we observed the same pattern of bands between 97Ð 66 kDa molecular weight (Fig.  1) , the predicted range of hemocyanin and hexamerin (75Ð 80 kDa) (Markl and Decker 1992 , Burmaster 2002 , Telfer and Kunkel 1991 . We analyzed three bands for P. marginata (P1, P2, P3 in Fig. 1 ) and three for D. cephalotes (D1, D2, D3 in Fig. 1 ) in the expected size range. Proteins were successfully identiÞed according to their homology with proteins registered in the taxa databases at the NCBI Website (www.ncbi. nlm.nih.gov).
Four expressed proteins were identiÞed, all of which cluster in the hemocyanin superfamily, corresponding to hexamerins one (hx1), two (hx2) and four (hx4) of P. marginata and hemocyanin subunits one (hc1) and two (hc2) ( Table 1 ). The identiÞ-cation mainly involved polypeptides at the N-and C-termini, probably because of the intensity of fragmentation. P1 and D1, the bands of highest molecular weight, include only hexamerins, while D2, P2, D3, and P3 are a mixture of hexamerins and hemocyanins.
Some peptide fragments of P. marginata and D. cephalotes identiÞed in hc1 and hc2 are identical: in hc1, from the amino acid positions 24Ð35 (GSVPADQDFLTR), from 542 to 557 (KSSESSVTIPDRETTK) and from 556 to 666 (EDFFTDNMYTK) ( Table 2 ); in hc2, from 393 to 398 (DPAFFR), from 420 to 433 (EELDF-PGVTVDAVK), and from 532 to 541 (LTAGENVITR) ( Table 2) .
Discussion
In a continuous SDS-PAGE gel, bands of speciÞc molecular mass can represent more than one unique polypeptide. Hemocyanin belongs to a protein superfamily including other classes of proteins that share signiÞcant sequence similarities but perform distinct functions (Burmester 2002) . In Hexapoda, hemocyanins, and hexamerins are paralogous proteins (Burmester 2001) . Hexamerins protein sequences have been found in all insect taxa investigated so far. Although experimental data are scarce for some taxa, these proteins are likely ubiquitous in insects; however, only Zygentoma and Plecoptera are known to possess both types of hexameric proteins in their hemolymph (Hagner-Holler et al. 2007 , Pick et al. 2009 ). Like pseudo-hemocyanin and crustacean hemocyanins (Burmester 2007) , hexamerins and insect hemocyanins are closely related; indeed, hexamerins are thought to be derived from a modiÞed subunit type of hemocyanin that lost its copper-binding capacity. Their ancestor was probably a protein similar to a copper-free hemocyanin-like protein (Burmester 2004) . Hemocyanins and hexamerins are multisubunit proteins organized as hexamers with typical molecular weights of Ϸ75 and 80 kDa (Markl and Decker 1992 , Burmaster 2002 , Telfer and Kunkel 1991 . Unlike hexamerins, hemocyanins are proteins subjected to allosteric regulation (Decker 2005 , Decker et al. 2007 ). The three-dimensional folding of the protein is closely related to binding with an effector and thus to plastic modulation by environmental conditions (Mangum 1983 , Decker and Tuczek 2000 , Hellman et al. 2004 , Decker et al. 2007 ).
Our mass spectrometry study and previous sequence analyses (Hagner-Holler et al. 2004 , Fochetti et al. 2006 indicate two deÞned subunits of hemocyanin in stoneßies, with a type 3 copper protein active site (van Holde et al. 2001) .
There are fewer constraints on amino acid changes in hexamerins than in hemocyanins. Because of the lost oxygen-binding property, hexamerins are subject (Telfer and Kunkel 1991 , Haunerland 1996 , Beintema et al. 1994 , but can also serve as carrier proteins for small organic compounds, for example, steroid hormones, riboßavin and juvenile hormones (Enderle et al. 1983 , Magee et al. 1994 , Braun and Wyatt 1996 , or may be involved in the immune response (Hayakawa 1994 , Beresford et al. 1997 ). Burmester and Scheller (1996) hypothesized that the only limitation in the evolution of hexamerins was conservation of the hexameric structure, probably associated with the maintenance of osmotic pressure in the hemolymph; the result is a variety of hexamerin subunits differing only slightly among themselves. Four distinct hexamerins are known for P. marginata (Hagner-Holler 2007) and three types were identiÞed in the spectrometry analysis, both in P. marginata and in D. cephalotes. Our analysis of Ͼ30 Plecoptera species belonging to seven European families, two Oriental families and one South African family revealed differences in the presence of hemocyanin across the order. In some species we never found hemocyanin 
